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ABSTRACT
We examine parallaxes and distances for Galactic luminous blue variables (LBVs)
in the Gaia second data release (DR2). The sample includes 9 LBVs and 14 LBV can-
didates. For about half of the sample, DR2 distances are either similar to commonly
adopted literature values, or the DR2 values have large uncertainties. For the remain-
ing half, reliable DR2 distances differ significantly from values in the literature, and
in almost every case the Gaia DR2 distance is smaller. Two key results are that the
S Doradus instability strip may not be as clearly defined as previously thought, and
that there exists a population of LBVs at relatively low luminosities. LBVs seem to
occupy a wide swath from the end of the main sequence at the blue edge to ∼8000 K at
the red side, with a spread in luminosity reaching as low as log(L/L⊙)=4.5. The lower-
luminosity group corresponds to equivalent single-star initial masses of 10-20M⊙, and
includes objects that have been considered as confirmed LBVs. We discuss implications
for LBVs including (1) their instability and origin in binary evolution, (2) connections
to some supernova (SN) impostors such as the class of SN 2008S-like objects, and
(3) LBVs that may be progenitors of SNe with dense circumstellar material across a
wide mass range. Finally, we note the surprising result that W243, thought to be in the
massive young cluster Westerlund 1 (Wd1), has Gaia DR2 distance of only ∼1 kpc.
This is much closer than previously thought based on its association with the Wd1
cluster, and we discuss some potential implications (although we postpone a detailed
look at the rest of Wd1 to a later paper).
Key words: binaries: general — stars: evolution — stars: massive — stars: winds,
outflows
1 INTRODUCTION
Luminous blue variables (LBVs) are the brightest blue ir-
regular variable stars in any large star-forming galaxy. They
can achieve the highest mass-loss rates of any known types of
stars, and they exhibit a wide diversity of irregular and erup-
tive variability (Conti 1984; Humphreys & Davidson 1994;
van Genderen 2001; Clark et al. 2005a; Smith et al. 2004;
Smith & Owocki 2006; Smith et al. 2011; Smith 2014). Yet
despite decades of study, the physical mechanism that causes
⋆ E-mail: nathans@as.arizona.edu
their variability remains unknown. An important corollary
is that there are stars that occupy the same parts of the
Hertzsprung-Russell (HR) diagram that are not (currently)
susceptible to the same instability. The degree to which a
star in this region of the HR diagram is unstable may de-
pend on its initial mass, its age, its history of mass loss (and
hence, its metallicity) and binary interaction.
For any class of stars, distances and true bolometric
luminosities are important for understanding their physi-
cal nature. This is particularly true for LBVs, since their
instability, mass loss, and evolutionary state are thought
to be a consequence of their high luminosity (Conti 1984;
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Humphreys & Davidson 1994; Lamers & Fitzpatrick 1988;
Ulmer & Fitzpatrick 1998; Owocki et al. 2004). Precise dis-
tances are critical for inferring whether a star is in close
proximity to the classical Eddington limit based on its posi-
tion on the HR diagram compared to stellar evolution model
tracks. Many LBVs seem to skirt the observed upper lumi-
nosity boundary on the HR diagram called the Humphreys-
Davidson (HD) limit, oscillating between their hot quiescent
states and cooler eruptive states when they cross that obser-
vational limit (Humphreys & Davidson 1994). Based on dis-
tances, luminosities, and temperatures estimated for a few
LBVs in the Milky Way and nearby galaxies, Wolf (1989)
proposed that LBVs in their hot states reside along the S Do-
radus instability strip on the HR Diagram. This zone in the
HR Diagram is thought to be an important clue to their in-
stability, perhaps related to the Eddington limit modified by
opacity (Lamers & Fitzpatrick 1988; Ulmer & Fitzpatrick
1998) and rotation (Groh et al. 2009b).
Extragalactic LBVs in the Large or Small Magellanic
Clouds (LMC/SMC) and in the nearby spirals M31/M33
have reliable distance estimates, and hence, fairly reliable
estimates of their bolometric luminosity if detailed quanti-
tative analysis has been used to estimate their bolometric
corrections. In distant environments, however, we may be
missing faint LBVs, if they exist, either due to selection ef-
fects or because they don’t receive as much observational
attention as the most luminous stars. Noticing that a star is
actually an LBV is often the result of detailed analysis and
long-term monitoring; a typical S Doradus cycle of an LBV
may last a decade. Moreover, difficulties associated with con-
taminating light from neighboring stars become more prob-
lematic for extragalactic LBVs.
Distances to LBVs cannot be determined solely by de-
tailed spectroscopic analysis of an individual star, because
the relationship between the spectrum and absolute lumi-
nosity is ambiguous (Najarro et al. 1997; Hiller et al. 1998;
Groh et al. 2009a). The problem is that the emission-line
spectra of LBVs can be dominated by wind emission, which
depends on density and ionization of the outflow, not the
absolute luminosity of the star or its surface gravity. Stars
with dense winds can have very similar spectra across a
wide range of luminosity. For instance, Groh et al. (2013)
has shown that spectral models of an evolved 20-25 M⊙
star that is moving blueward after the RSG phase can have
a spectrum that closely resembles a vastly more luminous
classical LBV like AG Car. As such, other types of evolved
stars at lower mass that have effective temperatures similar
to LBVs and dense winds or disks like a B[e] star, post-AGB
star, or various types of interacting binaries can have similar
emission-line spectra that may masquerade as LBVs. These
can be mistaken for more luminous LBVs if assumed to be at
a distance that is too far, and vice versa. We will see below
that this is indeed the case for a few objects that have been
considered LBVs or LBV candidates (a candidate is a super-
giant star that resembles an LBV spectroscopically or has a
shell nebula, but has not exhibited the tell-tale variability of
either S Doradus cycles or a giant eruption). In addition to
the luminosity, other stellar parameters derived from spec-
troscopic analysis also depend on the assumed distance. The
stellar radius depends on d (relevant for e.g. binary interac-
tion), and mass-loss rates scale as d1.5 (this influences our
interpretation of the mass-loss history, fate, circumstellar
material properties in interacting supernovae, etc.). Other
properties like the effective temperature Teff and the ter-
minal wind speed v∞ have a negligible dependence on the
distance (see Groh et al. 2009a).
Of course, star clusters have been a useful tool for es-
timating distances and ages for many classes of stars. A
significant impediment to determining LBV distances by
this method, however, is that many LBVs are not associ-
ated with clusters, counter to expectations for the origin of
LBVs in single-star evolution (e.g., Lamers & Nugis 2002).
Smith & Tombleson (2015) showed that LBVs are isolated
from clusters of O-type stars in general, whereas the few
that are in clusters seem to be too young (or overluminous)
for their environment. Aghakhanlootakanloo et al. (2017)
showed that a passive dispersal model can reproduce the ob-
served statistical spatial distribution of O-type stars on the
sky, but cannot explain LBVs if they are the descendants
of those O-type stars as expected in single-star evolutionary
models. This may indicate instead that LBVs are massive
blue stragglers and that their apparent isolation arises either
because they received a kick when their companion star ex-
ploded, or because they have been rejuvenated by mass ac-
cretion or mergers in binary evolution (Kenyon & Gallagher
1985; Gallagher 1989; Smith & Tombleson 2015; Smith
2016; Aghakhanlootakanloo et al. 2017). This might make
their surrounding stellar populations look much older than
we would naively expect from an LBV’s position on the HR
Diagram. If LBVs really are the product of binary interac-
tion, this has important implications for the origin of their
instability. Indeed, Justham et al. (2014) have discussed the
hypothesis that LBVs result from stellar mergers for theoret-
ical reasons unrelated to their environments - in particular,
that they might be viable SN progenitors.
These inferences about age and environments of LBVs
were based on stars in the LMC, where the distance is re-
liable. Such environmental comparisons are harder in the
Milky Way because of distance ambiguities and extinction.
For this reason, Smith & Tombleson (2015) did not under-
take a quantitative assessment of LBV isolation for Milky
Way LBVs (although they did note anecdotal evidence that
Galactic LBVs do appear remarkably isolated as well). A
Milky Way star seen near other O-type stars on the sky
might be at a different distance but seen nearby in projec-
tion, or alternatively, a lack of O stars in the vicinity might
be a selection effect (LBVs are very bright at visual wave-
lengths, but hotter and visually fainter main-sequence O-
type stars might be dim and possibly undetected because of
extinction in the Galactic plane). These complications make
it difficult to know if the statistical environments of LBVs in
the LMC also apply in the Milky Way, where the metallicity
sensitivity of the LBV instability might differ. Similarly, the
lack of reliable distances for Milky Way LBVs has hampered
our understanding of their true physical parameters, espe-
cially their bolometric luminosities. Since most LBVs are
not associated with young clusters of O-type stars, many of
them have very uncertain distances in the literature, and
similarly, highly uncertain ages and initial masses.
Of the dozen or so LBVs in the Milky Way (Clark et al.
2005a), only a few are seen to be associated with massive
young clusters or associations. One is η Car, arguably the
most massive and luminous star in the Milky Way. The oth-
ers are FMM 362 and the Pistol Star, both apparently as-
c© 2012 RAS, MNRAS 000, 1–??
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Table 1. LBVs and LBV candidates (in parentheses) included in Gaia DR2.
Name Gaia Source ID RA(deg) DEC(deg) π (mas) σpi (mas) dpi (kpc)
a σd (kpc)
a dlit (kpc)
a
HR Car 5255045082580350080 155.72429 -59.62454 0.1708 0.0326 5.85 1.12 5.2
AG Car 5338220285385672064 164.04820 -60.45355 0.1532 0.0291 6.53 1.24 6
Wra 751 5337309477433273728 167.16688 -60.71436 0.1688 0.0435 5.93 1.53 6
Wd1 W243 5940105830990286208 251.78126 -45.87477 0.9789 0.1646 1.02 0.17 4.5
HD 160529 4053887521876855808 265.49594 -33.50381 0.4376 0.0566 2.29 0.30 2.5
HD 168607 4097791502146559872 275.31203 -16.37549 0.6438 0.0603 1.55 0.15 2.2
P Cyg 2061242908036996352 304.44665 +38.03290 0.7358 0.1798 1.36 0.33 1.7
MWC 930 4159973866869462784 276.60514 -7.22165 -0.1619 0.0943 >10.6 3.59 3.5
G24.73+0.69 4255908794692238848 278.48031 -6.97742 -0.3286 0.2232 >4.5 2.07 5.2
(HD80077) 5325673208399774720 138.97824 -49.97347 0.3924 0.0311 2.548 0.202 3
(SBW1) 5254478417451126016 160.08071 -59.81940 0.1279 0.0296 7.82 1.47 7
(Hen 3-519) 5338229115839425664 163.49819 -60.44564 0.0418 0.0299 23.93 17.13 8
(Sher 25) 5337418397799185536 168.78180 -61.25488 0.0723 0.0331 13.83 6.34 6.3
(ζ1 Sco) 5964986649547042944 253.49886 -42.36204 0.7131 0.2419 1.40 0.48 2
(HD 326823) 5965495757804852992 256.72461 -42.61104 0.7425 0.0529 1.35 0.096 2
(WRAY 17-96) 4056941758956836224 265.39765 -30.11078 0.8269 0.1812 1.21 0.27 4.5
(HD 316285) 4057682692354437888 267.05848 -28.01478 0.1693 0.0918 5.91 3.20 1.9
(HD 168625) 4097796621733266432 275.33145 -16.37392 0.6212 0.0639 1.61 0.17 2.2
(AS 314) 4103870014799982464 279.85874 -13.84646 0.6241 0.0524 1.60 0.13 8
(MWC 314) 4319930096909297664 290.39156 +14.88245 0.1909 0.0419 5.24 1.15 3
(W51 LS1) 4319942771347742976 290.94849 +14.61083 0.5076 0.1157 1.97 0.45 6
(G79.29+0.46) 2067716793824240256 307.92617 +40.36639 0.1798 0.1387 5.56 4.29 2
(CYG OB2 12) 2067782734461462912 308.17065 +41.24145 1.1751 0.1285 0.85 0.09 1.7
a dpi is the distance given by 1/π, and σd is the corresponding uncertainty. However, such a simple transformation does not adequately
transform the probability distribution function (PDF) from π to d. The more reliable Bayesian-inferred distances are in Table 2. dlit is
the nominal distance typically adopted in the literature (see text).
sociated with the Quintuplet Cluster in the Galactic Center
and visually obscured (and therefore not relevant to the sta-
tistical assessments of LBV isolation, since we do not have a
meaningful sample of visually obscured LBVs in the field).
The other is W243 in the massive young cluster Westerlund
1 (Wd1). (Wra 751 is in a cluster too, but not a massive
young cluster.) As we shall see below, W243 evidently fell
victim to the pitfall of line-of-sight coincidence, suggesting
a drastic revision to its luminosity. Here we compile the dis-
tances for unobscured Galactic LBVs that have measured
parallax values included in the Gaia second data release
(DR2), and we comment on the revised HR diagram for
LBVs.
2 GAIA DR2 DISTANCES
We searched the Gaia DR2 database (Brown et al. 2018)1
for all known Galactic LBVs and LBV candidates. As
a convenient reference, we take the source list of Galac-
tic LBVs and LBV candidates from the compilations by
Clark et al. (2005a) and Smith & Tombleson (2015). To the
list of Clark et al. (2005a) we added both SBW1 (candidate
LBV) and MWC 930 (confirmed LBV). SBW1 was not listed
in the compilation of LBVs and candidates by Clark et al.
2005a because it was discovered later in 2007 (Smith et al.
2007). It has a ring nebula similar to that of SN 1987A, and
should be considered an LBV candidate for the same rea-
son that Sher 25 and HD 168625 have been included in lists
of LBV candidates. MWC 930 was not included in the list
1 http://gea.esac.esa.int/archive/
Table 2. Bayesian-inferred distances from Gaia DR2;
dlow and dhigh represent the bounds for the highest 68%
density interval (HDI).
Name dBayes (kpc) dlow (kpc) dhigh (kpc)
HR Car 4.89 4.20 5.82
AG Car 5.32 4.59 6.29
Wra 751 4.82 3.97 6.06
Wd1 W243 1.03 0.86 1.27
HD 160529 2.18 1.92 2.50
HD 168607 1.50 1.37 1.65
P Cyg 1.37 1.06 1.93
MWC 930 7.81 5.78 10.64
G24.73+0.69 5.44 3.58 8.25
(HD 80077) 2.37 2.21 2.57
(SBW1) 6.01 5.10 7.26
(Hen 3-519) 9.57 7.72 12.17
(Sher 25) 7.88 6.39 10.03
(ζ1 Sco) 1.51 1.01 2.74
(HD 326823) 1.30 1.22 1.40
(WRAY 17-96) 1.26 0.97 1.78
(HDE 316285) 4.90 3.35 7.90
(HD 168625) 1.55 1.41 1.73
(AS 314) 1.54 1.42 1.68
(MWC 314) 4.36 3.67 5.33
(W51 LS1) 1.91 1.53 2.54
(G79.29+0.46) 3.09 2.29 4.36
(CYG OB2 12) 0.84 0.75 0.95
by Clark et al. (2005a) because its LBV-like variability was
discovered afterward in 2014 (Miroshnichenko et al. 2014).
Our total sample of Galactic LBVs and candidate LBVs
consists of 23 objects. Table 1 lists the Galactic LBVs and
LBV candidates with a Gaia DR2 parallax (names for LBV
candidates are given in parentheses).
The last column of Table 1 includes previously adopted
LBV distances in the literature, gleaned from several
previous studies (van Genderen 2001; Clark et al. 2005a;
Naze et al. 2012; Smith et al. 2004; Smith & Tombleson
2015; Smith & Stassun 2017). When we discuss whether or
not the Gaia DR2 distance for a particular source is different
c© 2012 RAS, MNRAS 000, 1–??
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Figure 1. Distances by Bayesian inference (Table 2) vs. distances given by 1/pi (Table 1). The filled circles represent the LBVs and the
open circles represent the LBV candidates. In general, the two methods are consistent, especially for the lowest distances. However, the
dπ values are systematically larger for the larger and more uncertain distances.
from the traditional value in the literature, we are referring
to the distance listed here. One can, of course, find exam-
ples in the literature of multiple different and potentially
conflicting estimates of the distance for some sources.
For each source, we report two different distance es-
timates from the parallax. For one, listed in Table 1, we
merely report d = 1/π and an associated uncertainty di-
rectly from the parallax uncertainty. In addition, we report
the Bayesian-inferred distance (Table 2). The latter repre-
sents a more thorough and accurate statistical inference of
the distance to each LBV.
To obtain the Bayesian-inferred dis-
tances, we searched the catalogue at
http://gaia.ari.uni-heidelberg.de/tap.html which
reports geometric distances inferred from Gaia DR2
parallaxes (Bailer-Jones et al. 2018). These statistically
inferred distances are superior to using just d = 1/π for two
reasons. For one, the primary measurement is parallax, not
distance; to report the most likely distance and associated
uncertainties, one must transform the distribution for the
measured quantity (π) into a distribution for the desired
parameter, the distance. The likelihood in the Bayesian
inference provides this transformation.
The second reason is that the Bayesian method applies a
prior for the distances based upon the Galactic distribution
of stars and dust extinction. Consider an image populated
with Galactic stars. The total number of stars in the im-
age is given by N = FOV
∫
nr2dr, where FOV is the field
of view in square radians, and n is the number density of
stars. If n is constant, then any random star in the image is
drawn from a probability distribution of P (r) ∝ r2. In the
presence of dust extinction, this distribution will be atten-
uated by exp−r/ℓ, where ℓ is an effective optical depth for
extinction. For these reasons, Bailer-Jones et al. (2018) use
the following prior when calculating the geometric distance
to stars in Gaia DR2:
P (r|ℓ) =
1
2ℓ3
r2 exp(−r/ℓ) . (1)
ℓ is the attenuation length and depends upon the Galactic
coordinates (l, b). This prior has a mode at 2ℓ. Given this
prior and the Gaussian likelihood for measuring a parallax
π given a distance r, the posterior distribution for the geo-
metric distance is
P (r|π, σπ, ℓ) = r
2 exp
[
−
r
ℓ
−
1
2σ2π
(
π − πzp −
1
r
)2]
. (2)
πzp is the Gaia zero point parallax measured using distant
quasars. The geometric distances in columns 2-4 of Table 2
are the mode (column 2) and the highest density 68% inter-
val (HDI, colums 3 & 4) for this posterior distribution. The
final column in Table 2 gives the attenuation scale, ℓ, in the
prior. The posterior distribution seamlessly handles both ac-
curate and inaccurate parallax measurements. In the limit of
an accurate parallax measurement, the width of the poste-
c© 2012 RAS, MNRAS 000, 1–??
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Figure 2. Distances by Bayesian inference vs. literature distances(Table 1). Half of them are consistent and for the other half, the Gaia
DR2 distances are significantly lower than the literature distances. This effects the inferred luminosities and masses for a significant
fraction of LBVs and candidates.
rior will be dominated by the second term in the exponential
and consequently σπ. In the limit of very inaccurate parallax
measurements, the mode and uncertainty will be dominated
by the prior, the first term in exponential. Therefore, in the
inaccurate cases, the most likely distance will be 2ℓ.
Since LBVs are certainly not your typical star, it is not
clear that the prior that Bailer-Jones et al. (2018) use is the
most appropriate prior. LBVs tend to be quite bright, so the
distance scale, ℓ, should probably be larger, and it’s not clear
that LBVs should trace the general population of stars. To
hedge against this uncertainty, we report both the Bayesian-
inferred distances (Table 2) and the distances reported by
1/π (Table 1). The difference between these two results gives
an estimate for the maximum systematic error in using the
wrong prior.
Figures 1 & 2 compare all three distance estimates: the
Bayesian-inferred distance (dBayes), the simple 1/π calcula-
tion (dπ), and literature distances (dlit). First is the compar-
ison of dBayes vs. dπ (Figure 1). The filed circles represent
LBVs and the open circles represent the LBV candidates.
At relatively low distances (.4 kpc), the two methods give
similar results. For distances larger than ∼4 kpc, the dπ dis-
tances are systematically larger than dBayes. This systematic
discrepancy highlights the importance of using Bayesian sta-
tistical inference techniques when estimating distances from
uncertain parallaxes.
Figure 2 compares dBayes with previous literature esti-
mates, dlit. For about half of the objects, the two estimates
are consistent. For the other half, the literature distances
significantly over estimated the distance. This has a signifi-
cant impact on the inferred luminosities and masses.
Figure 3 shows a revised HR diagram for LBVs using
updated distances from Gaia DR2 from Table 2. Figure 4
then shows these same values, but superposed with addi-
tional information for context, including extragalactic LBVs
in nearby galaxies, the previously proposed S Doradus insta-
bility strip, locations of B supergiants and B[e] supergiants,
a few supernova progenitors, and representative stellar evo-
lution model tracks. To construct this, we adopted previ-
ously published values of Teff and LBol compiled from the lit-
erature (Smith & Stassun 2017; Smith & Tombleson 2015;
Clark et al. 2005a; Naze et al. 2012) and we simply scaled
the bolometric luminosities appropriate to the new DR2 dis-
tances2. Some LBVs changed little and others changed dra-
matically. LBV positions based on previous literature values
are plotted in red, and those with their LBol scaled by the
new Gaia DR2 distances are plotted in black. Extragalac-
tic LBVs in the LMC, SMC, M31, and M33 are plotted in
light purple for comparison. Representative single-star and
binary evolution tracks are included for comparison, as in
earlier versions of this figure by Smith & Stassun (2017) and
2 Recall that determinations of Teff from spectroscopic analysis
have negligible dependence on the distance (Section 1).
c© 2012 RAS, MNRAS 000, 1–??
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Figure 3. The HR diagram showing only Galactic LBVs (filled circles) and Galactic LBV candidates (unfilled circles) with their
luminosities scaled by the revised Gaia DR2 distances. For this plot, we use the DR2 distances from Table 2 (see text). Here we do not
show the presumed location of the S Dor instability strip, stellar evolution model tracks, or any extragalactic LBVs.
Smith & Tombleson (2015). These model tracks are from
Brott et al. (2011) and Langer & Kudritzki (2014).
3 NOTES ON INDIVIDUAL LBVS
3.1 Not included in DR2
Of the LBV sources we checked, 4 confirmed LBVs (η Car,
GCIRS34W, FMM 362, and AFGL 2298) and 10 LBV
candidates (GCIRS 16NW, 16C, 16SW, 33SE, 16NE, the
Pistol Star, WR102ka, LBV 1806-20, G25.520+0.216, and
G26.47+0.02) did not have parallax values in Gaia DR2.
LBVs or LBV candidate stars in the vicinity of the Galac-
tic Center are not listed in Gaia DR2 because they are vi-
sually obscured, including the Pistol Star, GCIRS 16NW,
16C, 16SW, 33SE, 16NE, 34W, etc. We note that FMM 362
has an almost coincident Gaia source where the DR2 par-
allax indicates a distance of only 1.6 kpc. This consumed
our attention for some time, but detailed examination of
images shows that this 18th magnitude Gaia source is offset
from FMM 362 by about 2.′′25 and is likely to be a fore-
ground K or M-type star. FMM 362 itself is highly obscured.
Some objects with IR-detected shells are also not found for
similar reasons, including IRAS 18576+0341 (AFGL 2248),
G25.520+0.216, and G26.47+0.02.
Also not included in Gaia DR2 is the very massive star
η Carinae. Its parallax is not available, but in this case the
absence is presumably due to complications associated with
its circumstellar Homunculus nebula. Fortunately, η Car al-
ready has a reliable distance of 2.3 kpc based on the expan-
sion parallax of this nebula (Smith 2006).
3.2 Large uncertainty or negative parallax
A handful of LBVs had entries in Gaia DR2, but had very
large uncertainty or other issues. Some objects had negative
parallax, including the confirmed LBVs G024.73+0.69 and
MWC930. Although the Bayesian method used to derive the
distance in Table 2 helps deal with these large uncertainties,
we still regard these sources with more caution than the
others.
G24.73+0.69: This LBV with a dusty shell has a nega-
tive value for the parallax listed in Gaia DR2. A crude way
to deal with the negative parallax is to treat the parallax un-
certainty as a lower limit for the distance. In this case, the
lower limit for G24.73+0.69 is 4.5 kpc, and this lower limit is
just a little closer than the literature value of 5.2 kpc. If we
c© 2012 RAS, MNRAS 000, 1–??
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Figure 4. The HR diagram with LBVs (filled circles) and LBV candidates (unfilled circles), adapted from a similar figure in
Smith & Tombleson (2015) and Smith & Stassun (2017). Here, Galactic LBVs and LBV candidates are shown in black, with lumi-
nosities adjusted from old values as appropriate for the new Gaia DR2 distance. For this plot, we use the DR2 distances from Table 2
(see text). Old positions using distances typically adopted in the literature (see Table 1) are shown in red. LBVs in nearby galaxies
(LMC, SMC, M31, M33) are shown in light purple for comparison. Locations of blue supergiants and B[e] supergiants, the progenitors
of SN 1987A and SN 1993J, and some example stellar evolutionary tracks are also shown for comparison. The gray boxes show the
locations of the temperature dependent S Doradus instability strip (Wolf 1989) and the constant temperature strip of LBVs in outburst,
as in Smith et al. (2004). The thinner orange line shows the somewhat steeper S Doradus instability strip suggested by Groh et al.
(2009b) based on AG Car and HR Car (although it has been shifted slightly here to accomodate their revised distances and luminosities
from DR2, and we have extrapolated over a larger luminosity range with the same slope). The single-star model tracks (blue) are from
Brott et al. (2011) and the pair of binary system model tracks (red and pumpkin colored) is from Langer & Kudritzki (2014).
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instead adopt the distance from Table 2, then the distance
and luminosity increase only slightly and are consistent with
the old value within the uncertainty. We therefore find no
justification to revise this star’s distance. This star is still
consistent with being an LBV on the S Dor instability strip.
MWC 930 (V446 Sct): Although this confirmed LBV
(Miroshnichenko et al. 2014) has a negative parallax in Gaia
DR2, this does have potentially important implications. If
we adopt the uncertainty in parallax as a lower limit to
the distance (1 σ), we find that this lower limit is farther
than the previously adopted value in the literature. This
requires MWC 930 to be substantially more luminous than
previously assumed. If instead, we use the distance from
Table 2, the implied distance and luminosity do not increase
as much, and land MWC 930 on the S Dor instability strip,
with its quiescent luminosity almost identical to AG Car.
A few objects had small parallax and in some cases ex-
tremely large parallax uncertainty. These are still informa-
tive because in most cases the large errors extend to large
distances but not to near distances, so at least they indicate
that the stars are not nearby. These include the famous LBV
candidate Hen 3-519, the LBV candidates G79.29+0.46 and
HD 316285, and the SN 1987A-like blue supergiant with a
ring nebula Sher 25. For these, we regard the distance esti-
mates in Table 2 to be more reliable.
Hen 3-519: The large Gaia DR2 distance for Hen 3-519
contradicts the closer distance from Gaia DR1 reported by
Smith & Stassun (2017), which was around 2 kpc. The new
Gaia DR2 distance is around 9.6 kpc, and the error bar over-
laps with the traditionally assumed value of around 8 kpc.
This indicates that Hen 3-519 is still a very luminous LBV
candidate. Its new value overlaps with the S Dor instability
strip within the uncertainty, although it may be slightly be-
low the S Dor strip. The reason why the DR1 distance was
too close likely has to do with the interpretation of the large
uncertainty. The uncertainty in parallax for Hen 3-519 was
large to begin with, having a DR1 value of π = 0.796 ±0.575
mas. Adding a correction of 0.3 mas to this uncertainty,
as noted by Smith & Stassun (2017), would give a negative
parallax. In hindsight, taking the uncertainty as indicating a
lower limit to the distance would have been a better choice.
Smith & Stassun (2017) adopted the prior distribution for
stars in the Milky Way from Astraatmadja & Bailer-Jones
(2016), which was intended to account for systematic under-
estimate of the luminosity, but that prior distribution may
have been inappropriate for a distant LBV.
G79.29+0.46: This is an LBV candidate with a dust
shell. Using the distance from Table 2, G79.29+0.46 is about
50% farther and about twice as luminous as previously
thought, confirming that this is a very massive star, and
that its dust shell is certainly not a planetary nebula.
HDE 316285: This star is sometimes considered an LBV
candidate due to is remarkable spectral similarity to η Car
(Hillier et al. 2001) and its dusty nebula (Clark et al. 2005a;
Morris et al. 2008). Although the uncertainty in distance is
large, the new Gaia DR2 parallax suggests that HDE 316285
is farther away than previously assumed, moving it from
about 1.9 kpc out to about 5 kpc. This raises its lumi-
nosity by more than a factor of 6. As such, it is pushed
well above the upper luminosity limit for RSGs and into
the regime of the classical LBVs, becoming potentially even
more luminous than AG Car (although, again, the error bar
is large). This larger distance and higher luminosity may
help explain why the spectrum of HDE 316285 has such an
uncanny resemblance to η Car (Hillier et al. 2001). Interest-
ingly, Morris et al. (2008) speculated that HDE 316285 may
be coincident with Sgr D near the Galctic center at a dis-
tance of around 8 kpc. This is farther than the most likely
Gaia DR2 distance, but permitted within the uncertainty. If
so, HDE 316285 would be nearly as luminous as η Car and
an analog of the Pistol Star (Morris et al. 2008).
Sher 25: The blue supergiant Sher 25 is of interest be-
cause of its ring nebula that resembles the equatorial ring
around SN 1987A, and because of its projected proximity
to the massive young cluster NGC 3603. The large distance
uncertainty makes it difficult to confirm whether Sher 25
is physically associated with NGC 3603, or if it is instead
a chance alignment. The large distance of 8 kpc (Table 2),
while uncertain, is 25% larger than previously assumed val-
ues. This is important because Sher 25 was already thought
to be considerably more luminous than the progenitor of
SN 1987A (also shown in Figure 4), with a luminosity that
corresponded to about twice the initial mass (∼40 M⊙ vs.
18 M⊙). The new distance and luminosity implied by Gaia
DR2 push Sher 25 somewhat higher, with luminosity around
105.8 L⊙ and an implied (effective single-star) initial mass
around 50 M⊙. It is consistent with residing on the S Dor
instability strip. The large distance uncertainty 6.4-10 kpc
(Table 2) suggests caution in interpreting the precise value
of the luminosity and effective initial mass, but these results
are nevertheless suggestive that Sher 25 should no longer
be considered as a good analog of SN 1987A’s progenitor.
Importantly, the ring around Sher 25 could not have arisen
from a fast blue supergiant wind that swept into a previous
red supergiant (RSG) wind, since Sher 25 is too luminous
to have evolved through a RSG phase. This is in agreement
with its chemical abundances, which are inconsistent with
the enrichment expected if it had passed through a previous
RSG phase (Smartt et al. 2002).
3.3 LBVs that didn’t change much
There are several Galactic LBVs or LBV candidates that
have well determined distances, and for which the new Gaia
DR2 distances are not substantially different from the tradi-
tionally adopted values in the literature. These sources are
discussed below.
AG Carinae: The Gaia DR2 distance for AG Car cal-
culated directly from the parallax (Table 1 is only a bit far-
ther than the traditionally adopted value, whereas the dis-
tance derived in Table 2 is slightly closer than the traditional
value. Adopting the values in Table 2 (plotted in Figure 4),
AG Car is about 12% closer (moving from 6 kpc to 5.3) and
is therefore about 20% less luminous than previously deter-
mined from detailed analysis by Groh et al. (2006, 2009a).
This is in contrast to the much closer distance inferred from
the Gaia DR1 parallax, which was reported to be about 2
kpc (Smith & Stassun 2017). That closer distance was evi-
dently an underestimate, probably for the same reasons as
for Hen 3-519 noted above. The closer distance for AG Car
would have been surprising and problematic, since it would
have moved AG Car – a prototypical classical S Dor variable
– to be far below the S Dor instability strip that it helped to
define, and far from its near twin R 127 in the LMC. Gaia
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DR2 values suggest that no significant revision is necessary
to its traditionally assumed distance.
HR Carinae: The case of HR Car is very similar to
that of AG Car. Its Gaia DR2 distance in Table 1 is only
about 10% farther than its traditional distance, whereas the
Bayesian-inferred distance (Table 2) is 6% closer than its tra-
ditional value. Its luminosity therefore moves either up by
about 20% or down by 12% on the HR Diagram, depending
on which distance is adopted. As with AG Car, the Gaia
DR1 parallax yielded a smaller distance around 2 kpc as
well, although with a large uncertainty, so Smith & Stassun
(2017) did not advocate a revision to the traditional dis-
tance. Therefore, there is nothing surprising about the Gaia
DR2 distance for HR Car that would significantly alter our
interpretation of this object (Groh et al. 2009b). We use the
distance and uncertainty from Table 2 in Figure 4, but the
error bars overlap with the standard value.
Wra 751: The Gaia DR2 distance for this LBV in Ta-
ble 2 moves it from 6 kpc to 4.8 kpc, although still marginally
consistent with the old value within the uncertainty (the di-
rect parallax distance in Table 1 is even closer to the old
value). This confirmed distance provides a stronger case that
Wra 751 is significantly below or hotter than the S Dor insta-
bility strip on the HR diagram. If Wra 751 really is well off
the nominal S Dor instability strip, then this is interesting
because it is now considered a confirmed LBV, due to the de-
velopment of apparent S Dor variability (Sterken et al. 2008;
Clark et al. 2005a). Interestingly, the Gaia DR2 distance of
4.8 kpc is still marginally consistent with the 6 kpc distance
to its presumed host cluster (Pasquali et al. 2006). This is
of interest, because it bucks the trend that LBVs statisti-
cally avoid O-star clusters (Smith & Tombleson 2015). Al-
though Wra 751 is in a cluster, the cluster’s age and turnoff
mass do not agree with those of the LBV if it has evolved
as a single star. From its position on the HR Diagram, we
would expect Wra 751 to have an effective single-star intial
mass around 50 M⊙. As noted by Pasquali et al. (2006),
however, the earliest spectral type main sequence star in
the host custer is O8 V, translating to a cluster turnoff
mass around 20-25 M⊙. This is consistent with results from
LMC LBVs, where it has been noted that in the few cases
when LBVs are seen in a cluster, they seem too young
and massive for their environment (Smith & Tombleson
2015). This, in turn, reinforces ideas about the role of
binary evolution and rejuvenation that make LBVs mas-
sive blue stragglers (Smith & Tombleson 2015; Smith 2016;
Aghakhanlootakanloo et al. 2017). Wra 751 would be an ex-
cellent case study for investigating how its proper motion
compares to those of the cluster members.
P Cyg: Moving about 20% closer from 1.7 to 1.37 kpc,
P Cyg becomes about 35% less luminous in light of the
Gaia DR2 parallax. Its implied single-star effective initial
mass moves down from about 55 to 40 M⊙ (Figure 4).
The error bars on the distance and luminosity do, how-
ever, overlap with the traditional values. This somewhat
smaller luminosity may be interesting in light of P Cygni’s
instability (or lack thereof). Although P Cygni is consid-
ered an LBV because of its historical 17th century giant
eruption, P Cygni does not show S Doradus-type variability
in modern times (Lamers & de Groot 1992; Najarro et al.
1997; Richardson et al. 2011). Perhaps its lower luminosity
is relevant to help explain this lack of variability, although
it does still reside along the S Dor instability strip. This is
not the whole story, though, because there are indeed other
LBVs that do exhibit this characteristic variability at even
lower luminosity and initial mass.
HD 160529: Gaia DR2 indicates that this object’s new
distance is 2.2 kpc, which is only slightly smaller than its
usually adopted value of 2.5 kpc. Its luminosity only moves
down by about 20%, although the uncertainty overlaps with
the previous value here as well.
ζ1 Sco: This is a blue hypergiant star that was in-
cluded as an “ex-dormant” LBV (i.e. an LBV candidate)
by van Genderen (2001) because of its hypergiant-like spec-
trum and microvariability. It was previously assumed to be
at a distance of around 2 kpc, placing its luminosity just
above the S Dor instability strip. The new Gaia DR2 dis-
tance is closer, reducing its luminosity to about half its pre-
vious value and moving this star onto the S Dor instability
strip. The large error bar overlaps in luminosity with the old
value, so it is not clear if this is a significant revision to the
star’s properties.
SBW1: As in the cases of Sher 25 and HD 168625, this
blue supergiant is an LBV candidate because of its circum-
stellar nebula that bears a remarkable resemblance to the
ring nebula around SN 1987A. In fact, it has been argued
that SBW1 is the best Galactic analog to the progenitor of
SN 1987A, in terms of both its nebula and the properties
of the weak-winded central star (Smith et al. 2013, 2017).
Based on various considerations, Smith et al. (2017) favored
a distance of about 7 kpc for SBW1. The Gaia DR2 paral-
lax indicates a distance of 7.8 ±1.46 kpc directly from the
parallax (Table 1), or 6.0+1.20.9 kpc with Bayesian inference
(Table 2), both of which are consistent with the previously
adopted value. This corresponds to an effective single-star
initial mass of 15-17 M⊙, as compared to ∼18 M⊙ for the
progenitor of SN 1987A (Arnett 1989). This confirms the no-
tion that SBW1 is a nearly identical twin of the progenitor
of SN 1987A and its nebula (Smith et al. 2013).
3.4 LBVs with significantly revised distances and
luminosities
Distances and therefore luminosities have decreased for
all but one of the LBVs and candidates where the Gaia
DR2 distances are substantially different from traditionally
adopted values in the literature. This represents almost half
of the LBV and candidate sample. Some of these changed
by a huge factor.
MWC 314: This is the only sample star with both a
relatively small uncertainty on the distance, and where the
distance has increased compared to values adopted in the
literature. This LBV candidate has moved from about 3 kpc
to 4.4 kpc (Table 2), roughly doubling its luminosity. This
moves it off the S Dor instability strip and makes it similar
to η Carinae on the HR diagram (Figure 4). The distance
calculated directly from the parallax is even a bit farther,
making it seem quite likely that MWC 314 may be one of
the most luminous stars in the Milky Way.
HD 168607: This star has long been considered as a con-
firmed LBV (Chentsov 1980) in the group of low-luminosity
LBVs (Smith et al. 2004), sometimes thought to arise from
post-RSG evolution. The new Gaia DR2 distance requires
that it has an even lower luminosity than previously thought.
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Moving from about 2.2 kpc to 1.5 kpc, HD 160529 has
dropped in luminosity by a factor of 2. This would imply
an effective single-star initial mass of around 20 M⊙. This
new DR2 distance (1.37-1.65 kpc) is consistent (within the
uncertainty) with the Gaia DR1 distance of 0.75-1.89 kpc
previously reported (Smith & Stassun 2017).
HD 168625: This blue supergiant is an LBV candidate
based on its dusty circumstellar nebula, which is observed
to have a triple-ring structure that is very reminiscent of
SN 1987A (Smith 2007). Like HD 168607, Gaia DR2 has
moved its distance from 2.2 kpc to around 1.55 kpc (1.4-1.7
kpc), consistent with the same distance to HD 168607 within
the uncertainty. This agreement is perhaps not so surprising
if we consider the fact that these two LBVs are located only
1′ apart on the sky. The similar distance confirms that they
really are a physical pair of stars and not a chance projec-
tion (Chentsov & Luud 1989; Chentsov & Gorda 2004). It is
mildly amusing that there is only a handful of rare LBV-like
stars known in the Milky Way, and two of them are practi-
cally on top of each other. There may be something to this
pairing, although we don’t yet know what it means. Interest-
ingly, the near spectroscopic twins Hen 3-519 and AG Car
are also close to one another on the sky, although not quite
as close; Walborn & Fitzpatrick (2000) have commented on
these and other peculiar massive twin pairings. Further in-
vestigation of Gaia proper motions of these pairs may prove
interesting. This revised distance also reduces HD 168625’s
luminosity to about half its previous value, suggesting an ef-
fective single-star initial mass of around 20 M⊙. This lower
luminosity is closer to that of the progenitor of SN 1987A,
strengthening comparisons between these two objects that
were previously based primarily on the triple-ring structure
of the nebula around HD 168625 (Smith 2007). Together,
SBW1 and HD 168625 therefore provide close analogs of
SN 1987A’s progenitor.
HD 326823: This blue supergiant was considered as
another “ex-dormant” LBV (candidate) by van Genderen
(2001), again because of its spectrum and microvariability.
More recently, it has been suggested to be a close binary
system with a period of 6.1 d (Richardson et al. 2014). Its
new Gaia DR2 distance is reduced from the old value by
about 35%, reducing its luminosity to less than half its pre-
vious value. The error bar on the Gaia DR2 distance (1.22-
1.40 kpc) is small enough that this is a significant revision.
Its corresponding effective single-star initial mass is reduced
from around 25 M⊙ to less than 20 M⊙. This is yet another
case of an LBV candidate with stellar properties similar to
those of SN 1987A’s progenitor or the putative surviving
companion of SN 1993J.
HD 80077: This blue hypergiant was included as an
LBV candidate by van Genderen (2001) based mainly on its
high luminosity and spectrum. Its new Gaia DR2 distance
is closer than the old value, reducing its luminosity by about
40%.
W51 LS1: This luminous blue supergiant was added to
the list of LBV candidates by Clark et al. (2005a), based on
its supergiant spectrum and high luminosity. It has shown
no variability or obvious shell nebula, but does have a near-
IR excess. The new Gaia DR2 parallax indicates a much
smaller distance for this source, moving it from 6 to less
than 2 kpc, reducing its luminosity by around a factor of
10. Its revised position lies within the region of normal blue
supergiants and B[e] supergiants (green oval) in the HR di-
agram (Figure 4).
AS 314: This star was considered to be an LBV can-
didate based on its presumed high luminosity at a large
8-10 kpc distance, its hypergiant-like spectrum, and dust
excess (Miroshnichenko et al. 2000; van Genderen 2001;
Clark et al. 2005a). The new Gaia DR2 parallax moves its
distance from 8 kpc to only about 1.6 kpc, lowering its lu-
minosity by a factor of 25 to only log(L/L⊙)=3.5. Its new
luminosity is so low that it cannot be plotted in Figure 4
because it is off the bottom of the plot (even its upper er-
ror bar is below the bottom of the plot). This is probably a
post-AGB object from an intermediate-mass star, and it is
most likely not related to LBVs.
Wray 17-96 (B61): This classic B[e] supergiant is con-
sidered to be an LBV candidate based on its dusty circum-
stellar shell nebula discovered by IR surveys (Egan et al.
2002). Its previously adopted distance of 4.5 kpc would im-
ply an extreme luminosity for this object above 106 L⊙,
placing it in the regime of classical high-luminosity LBVs,
although it has not exhibited LBV-like variability. However,
its Gaia DR2 parallax indicates a much smaller distance of
only about 1.2-1.3 kpc, which lowers this star’s luminosity
by more than a factor of ten. This implies an effective single-
star initial mass of only about 20 M⊙ instead of ∼100 M⊙.
The lower distance and luminosity place Wray 17-96 nicely
within the standard locus of B[e] supergiants on the HR dia-
gram (the green oval in Figure 4), and – like a few other ob-
jects discussed here – makes it yet another star whose prop-
erties appear similar to those for the progenitor of SN 1987A.
Cyg OB2 #12: Cygnus OB2 #12 is a B hypergiant that
is usually considered as an LBV candidate because of its ex-
tremely high luminosity and cool temperature (Clark et al.
2005a; Massey et al. 2001; Humphreys & Davidson 1994). It
has rather mild variability, so van Genderen (2001) classified
it in the group of “weak-active” S Doradus variables (mean-
ing low-amplitude <0.5 mag variability). Its status as one
of the most luminous stars in the Milky Way (e.g., de Jager
1998) is based on its presumed association with Cyg OB2 at
about 1.7 kpc (Clark et al. 2005a, 2012). Instead, the well-
determined Gaia DR2 parallax of Cyg OB2 #12 suggests
a much closer distance of only 0.84 ±0.09 kpc, indicating
that it is probably not physically associated with Cyg OB2,
and is about a factor of 4 less luminous than previously
thought. This means that Cyg OB2 #12 is closer in lumi-
nosity and effective initial mass to P Cygni, and not one of
the very most luminous stars in the Milky Way compara-
ble to AG Car. This reduction in luminosity does, however,
bring Cyg OB2 #12 closer to the S Dor instability strip.
Despite its somewhat lower luminosity, Cyg OB2 #12 does
still exhibit signs of mild instability and strong mass loss
(van Genderen 2001). Interestingly, it has recently been re-
ported that Cyg OB2 #12 is an X-ray source and probably
therefore a colliding-wind binary with an OB-type compan-
ion (Oskinova et al. 2017). In light of the closer distance
and lower luminosity, this binary interaction (rather than
just proximity to the Eddington limit) may be the likely
explanation for its observed hypergiant properties.
W243: One of the most drastic distance revisions
among the sample of Galactic LBVs is for the confirmed
LBV known as W243 (Clark & Nigueruela 2004; Clark et al.
2005a), thought to be a member of the massive star cluster
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Wd1. With a presumed distance of 4.5 kpc appropriate for
that cluster, W243 would be a luminous LBV with an initial
mass around 50-60M⊙, similar to S Dor or to P Cygni’s pre-
viously adopted properties before Gaia DR2. However, the
new Gaia DR2 parallax indicates a much smaller distance of
only 1.03 ±0.17 kpc, which lowers this star’s luminosity by
about a factor of twenty. (Unlike the case of FMM 362, there
is no concern about identifying the wrong source, since the
Wd1 cluster is not so highly obscured and W243 is a bright
11th mag source that dominates the optical flux at its posi-
tion.) W243 also has significantly different Gaia DR2 proper
motion from the majority of Wd1 members, although we
plan to investigate this in more detail in a future paper. At
its revised distance and luminosity, W243 would have an ini-
tial (single-star) mass of only about 12M⊙ or less. With that
luminosity, it could be a relatively low-mass blue supergiant
in a blue loop, and interacting binary, or perhaps even a
lower-mass post-AGB star. It exhibits photometric variabil-
ity and changes in spectral type that have been interpreted
as LBV-like variability (Clark & Nigueruela 2004), but the
variability that has been observed is not conclusively related
to S Dor-like cycles. Additional study of this object is war-
ranted to better understand its variability and evolutionary
state in light of the smaller distance.
The closer distance of W243 may also have broader im-
plications for the host cluster Wd1 (Clark et al. 2005b). We
checked Gaia DR2 parallaxes for a number of other evolved
stars in the Wd1 cluster, and indeed, it appears that some
other evolved stars in the Wd1 cluster (including the YHGs
W4 and W8a, the BSG W33, and the RSG W237) may
also have a distance around 1 kpc, whereas some other clus-
ter members appear to have larger distance. Those larger
distances are, however, accompanied by larger uncertainty,
and so a detailed analysis of the cluster as a whole is needed;
we postpone that analysis to a later paper. For now, W243
and possibly a few other evolved stars tentatively imply that
Wd1 could be a mix of populations, perhaps resulting from a
chance alignment of a nearby (1 kpc) older group of evolved
stars that is dispersed along the line of sight to a massive
cluster. It might not be so unlikely to find an older dispersed
association along the line of sight, since Wd1 is seen down
the tangent point of the Carina spiral arm. This contami-
nation of sources in Wd1 could be a major revision if true,
because Wd1 is considered to be one of the most massive
young clusters in the Milky Way, and it hosts a magnetar
as well as a number of other massive evolved stars such as
WR stars, X-ray binaries, B[e] supergiants, yellow hyper-
giants, and red supergiants (Clark et al. 2005b). This mix of
evolved supergiants has important and specific implications
for its mass and age if they are coeval (Crowther et al. 2006;
Negueruela et al. 2010). Because of the simultaneous pres-
ence of both luminous RSGs and WR stars, Wd1 is thought
to have a young age of 4-5 Myr with a turnoff mass around
40M⊙, implying that this is also the initial mass of the mag-
netar progenitor. The much closer distance for a subset of
the stars would seem to suggest that some of these evolved
stars are much less luminous and initially less massive than
previously thought. This may alleviate some of the tension
regarding evidence for the numerous recent SNe that would
have been expected if Wd1 was so young and massive.
4 DISCUSSION
About half of the LBVs and LBV candidates included in
Gaia DR2 have experienced little revision to their previously
adopted distances, or have revised DR2 with large uncer-
tainty that do not warrant significant revision. These are the
LBVs AG Car, HR Car, Wra 751, HD 160529, P Cygni, and
G24.73+0.69, and the LBV candidates Hen 3-519, ζ1 Sco,
SBW 1, and Sher 25. While a few LBVs and LBV candidates
have had their distances and luminosities increase as a re-
sult of DR2 (MWC 930, HDE 316285, G79.29+0.46), these
tend to have quite large error bars (appropriate for smaller
parallax values) that in most cases are consistent with older
distance values in the literature. For almost all the objects
where the Gaia DR2 distance is significantly different, we
find that the objects have moved closer and their luminosity
is lower than traditionally assumed. This reduction applies
to about a dozen objects, including both confirmed and can-
didate LBVs. One important exception is MWC 314, which
has a significantly revised distance that is larger than pre-
viously thought, making its luminosity comparable to that
of η Carinae.
With a larger spread in luminosity that extends to lower
luminosity, there are two divergent ways to interpret the
result. One option is simply that these lower-luminosity stars
were mistakenly classified as LBVs. The other view is that
the original definition of the S Doradus strip, based on only a
few objects, might have been too narrow; it might therefore
fail to capture the diverse range of real physical variability
and mass loss exhibited by luminous, blue, and irregularly
variable stars. Which of these two options is chosen might
have important implications for understanding the range of
initial masses that yield LBVs and the physical parameters
governing their instability and mass loss. Both options have
some subjectivity.
Following the first option, we might decide to strip these
lower-luminosity stars of their LBV or LBV candidate sta-
tus, demoting them to “normal” blue supergiants or B[e]
supergiants and thus preserving the S Doradus instability
strip to some extent. This demotion may be entirely valid
for some objects, where the main motivation for including
them as LBV candidates in the first place was their high
luminosity (like W51 LS1 or AS 314). However, it is less
appealing to simply discount the lower-luminosity candi-
dates with dusty shell nebulae, because these nebulae in-
dicate substantial episodes of previous mass loss that are
relatively rare among blue supergiants. It is also not so easy
to discount lower luminosity stars that have strong emis-
sion line spectra that resemble their very luminous cousins,
since these emission-line spectra indicate very strong mass
loss (stronger than we might expect in normal single-star
evolution, in some cases). Moreover, it is not so easy to “un-
confirm” Wra 751 or the lower-luminosity objects that have
been confirmed as LBVs based on their variability (W243
and HD 168607). If these are not lower-luminosity LBVs,
then what type of blue irregular variable are they?
We note that previous efforts to classify a star as an
“LBV”, “LBV candidate”, or “neither” (not to mention
various subtypes like classical S Doradus stars, SN impos-
tors, ex-dormant, weak active, P Cygni stars, etc.) have
been somewhat arbitrary and inconsistent among authors
(Conti 1984; Humphreys & Davidson 1994; van Genderen
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2001; Smith et al. 2004; Clark et al. 2005a). This reflects
that fact that LBVs are very rare stars and that each one
has some unique peculiarities. To classify them in a group
or subgroups requires one to make choices about which ob-
served properties to emphasize in a definition. The origi-
nal definition of an LBV by Conti (1984) was a hodge-
podge of many different types of massive and variable hot
stars – basically “not Wolf-Rayet stars” and “not red su-
pergiants” (Conti used the term “other”) – including the
Hubble-Sandage variables, S Doradus variables, η Car-like
variables, P Cygni stars, etc. The motivation was that all
these stars may play a similar transitional role in evolution
once O-type stars leave the main sequence, and it is poten-
tially useful to discuss them together. As study of these stars
intensified, some observers, informed by stellar evolution
models for single stars, favored a more precise definition of
what is an LBV so that only very few objects were included
(Wolf 1989; Humphreys & Davidson 1994) whereas others
chose to proliferate LBV subtypes to accommodate some
of the diversity in observed characteristics (van Genderen
2001). Some objects were included as LBVs or LBV can-
didates based on much more limited information than for
the classical LBVs, as in the cases of the Galactic Center
sources where only near-IR wavelengths are accessible. In
light of the fact that we still do not understand the phys-
ical mechanism that drives LBV variability or their place
in evolution, it may be wise to lean toward being inclusive
with respect to this diversity. We do not propose another
new name here except to refer to some sources as relatively
low-luminosity LBVs and LBV candidates. Regardless of the
name we choose to give them, revised distances and lumi-
nosities from Gaia DR2 seem to indicate that blue super-
giants at lower luminosity than previously thought can also
suffer episodes of mass ejection, variability, and strong winds
that could be similar to traditional expectations for LBVs.
A few objects are also found to be off the S Dor in-
stability strip, but above it. These include η Car (this has
been known for a long time) and MWC 314. G79.20+0.46,
HDE 316285, and HD 80077 may also be above the S Dor in-
stability strip. The Pistol Star and FMM 362 are well above
the S Dor instability strip, simlar to η Car. Demoting the
lower-luminosity stars from the class of LBVs would not
change the fact that these more luminous stars are also off
the S Doradus instability strip, again arguing that its defi-
nition may have been too narrow in the past.
Whether or not revised luminosities land a star on the
S Dor instability strip depends, of course, on exactly where
we choose to put that instability strip. Since the defining
S Doradus variables, AG Car and HR Car, have slightly
revised distances, perhaps the location of the S Dor strip
needs to be adjusted as compared to the original position
(Wolf 1989). As noted earlier, Groh et al. (2009b) presented
a revised S Dor strip defined by detailed modeling of physical
parameters for AG Car and HR Car in their hot quiescent
states (which we have slightly adjusted in Figure 4 based
on their new Gaia DR2 distances). If this placement of the
S Dor instability strip is adopted, then η Car and MWC 314
fit nicely along an extension of its slope, as do P Cygni,
HD 168625, and even FMM 362 at its (possibly wrong) re-
vised lower luminosity. This steeper slope also encompasses
the general locations of B[e] supergiants and many LBV can-
didates. However, with that steeper slope, many other LBVs
are then left far off the S Dor strip, including most of the
known extragalactic LBVs, as well as W243, HD 160529,
HD 168607, and G24.73+0.69. Wra 751 is far off the S Dor
strip no matter what.
It seems difficult to escape the conclusion that the S Dor
instability strip must be much broader and must extend
over a wider luminosity range than previously appreciated.
How shall we interpret this? One possible option is that the
LBV instability does indeed occupy a wider spread of lumi-
nosity and Teff than the narrow strip originally defined by
Wolf (1989) or the revised version proposed by Groh et al.
(2009b). When one examines Figure 3, where no extragalac-
tic LBVs are plotted and where we show no S Dor strip to
guide the eye, it is not obvious that there is a clear strip.
Figures 3 and 4 give the impression that the zone of in-
stability for LBVs and related objects might include every-
thing redward of the terminal age the main sequence, over
to about 8000 K, spreading both above and below the S Dor
strip (objects that are luminous and variable but cooler than
8000 K are not called LBVs because they are yellow or red).
In other words, one might simply extend the locus of normal
BSGs and B[e] supergiants upward to include the classical
LBVs as well. This zone encompasses LBVs and LBV can-
didates, but also includes many blue supergiants that are
not highly variable and do not have significant circumstellar
material. In this view, perhaps the classical LBVs are juts
the most extreme end of a continuum of diverse variability
and mass loss.
Whether or not a star in this zone is an LBV may de-
pend on its history, as well as our choice for the thresh-
old of variability needed to call that star an LBV. Stars
here may be on a post-RSG blue loop, where significant
previous mass loss has increased their L/M ratio, mak-
ing them more unstable. This may work for the stars in
the 30-40 M⊙ initial mass range (Humphreys & Davidson
1994; Smith et al. 2004), but at lower luminosities, stars re-
main far from the classical Eddington limit. The other vi-
able option is that some stars arrive in this zone through
single-star evolution whereas others arrive there as a prod-
uct of binary interaction, or that they have different rota-
tion rates. Mass accretion and spin up through binary mass
transfer or stellar mergers may provide a means for only
some selected stars in this zone to experience peculiar and
episodic mass loss, anomolous enrichment, rapid rotation,
and instability (Kenyon & Gallagher 1985; Gallagher 1989;
Justham et al. 2014; Smith & Tombleson 2015; Smith 2016;
Aghakhanlootakanloo et al. 2017). There is no clear reason
why such effects would be limited to a narrow zone coinci-
dent with the S Dor instability strip, so in this context, the
wider spread of luminosity would make sense.
Why have analogs of these lower-luminosity LBVs (or
whatever we should call them) not been found in the
LMC/SMC or M31/M33 (the purple sources in Figure 4)?
This might easily be a selection effect since it is harder to
detect subtle variability in fainter stars, especially if one is
interested in the most luminous stars. Alternatively, “LBV-
or-not” classifications in these galaxies may have been biased
to high luminosities (the brightest objects are deemed LBVs,
while fainter blue stars with variability may have been ig-
nored or called something else). There may also be a phys-
ical effect that is metallicity dependent; perhaps whatever
mechanism is responsible for the LBV instability (such as
c© 2012 RAS, MNRAS 000, 1–??
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Fe opacity; e.g., Gra¨fener et al. 2012) can be triggered at
different luminosities in a higher-metallicity environment or
at different rotation rates. Deciding between these options is
difficult, and a renewed and unbiased effort to characterize
variable stars in these nearby galaxies may be warranted.
This is an area where the Large Synoptic Survey Telescope
may provide a significant advance. We note that recently,
such a study has been undertaken for M51 by (Conroy et al.
2018). Using multi-epoch HST data, they found a contin-
uum of variability over a wide luminosity range for luminous
stars, where the observed diversity of variability among lu-
minous blue stars was broader than the narrow definition of
traditional S Dor variables.
The possible existence of LBV-like instability at lower
initial mass and lower luminosity than previously recognized
has at least three broader implications.
1. Physical cause of LBV instability: The traditional
interpretation for the cause of normal S Dor instabil-
ity has been that these stars are unstable because of
their proximity to an opacity-modified Eddington limit
(Lamers & Fitzpatrick 1988; Ulmer & Fitzpatrick 1998).
Single-star models suggest that a star of ∼60 M⊙, for ex-
ample, will develop a progressively more LBV-like spectrum
as it approaches the Eddington limit in its mass-loss evo-
lution (Groh et al. 2014). This may work for the most lu-
minous LBVs, but it may not work so well for the lower-
luminosity examples in the 30-40 M⊙ initial mass range. As
noted above, these might plausibly reach a similar instabil-
ity as a result of severe previous RSG mass loss, so that
they are now in a post-RSG phase (Humphreys & Davidson
1994; Smith et al. 2004; Groh et al. 2013, 2014). Gaia DR2
distances now suggest that there are LBV-like stars at even
lower luminosities (in the 10-30 M⊙ initial mass range).
At such low luminosities, this near-Eddington instability
doesn’t work because their previous RSG mass loss is not
strong enough, and their luminosities are not high enough
(Beasor & Davies 2018). We must either conclude that they
have a separate instability mechanism unrelated to the Ed-
dington limit, or that perhaps some other instability governs
all the LBVs. As noted above, post-merger or post-mass
transfer evolution may populate the whole relevant range of
luminosities with massive blue stragglers. This may be an
important clue.
2. Relation to low-luminosity SN impostor progenitors
like SN 2008S: The possible existence of LBVs that push
to lower luminosities and initial masses than previously
thought may have interesting implications for a subset of SN
impostors similar to the well-studied object SN 2008S. SN
impostors were generally thought to be related to giant erup-
tions of LBVs (Humphreys et al. 1999; Van Dyk 2005, 2006;
Van Dyk & Matheson 2012; Smith et al. 2011). However, a
few transients in the past decade, highlighted by the proto-
types SN 2008S and NGC 300-OT (Prieto 2008; Prieto et al.
2008; Bond et al. 2009), had dust-obscured progenitors with
lower luminosities and lower initial masses than traditional
LBVs. These have been suggested to be transients that
arise from super-AGB stars with initial masses around 8-10
M⊙, including electron capture SNe (Thompson et al. 2009;
Boticella et al. 2009), as well as dust enshrouded LBV-like
supergiants that reside at somewhat lower luminosity than
previously recognized (Smith et al. 2009; Berger et al. 2009;
Bond et al. 2009). For NGC 300-OT, the surrounding stel-
lar population points to an age appropriate to an initial
mass around 12-25 M⊙ (Gogarten et al. 2009), inconsistent
with an electron capture SN (8-10 M⊙) or a transient asso-
ciated with an even lower-mass star. This would, however,
be consistent with the implied initial masses for the lower-
luminosity Galactic LBVs like W243, and HD 168607. Per-
haps these lower-luminosity Galactic LBVs are likely pro-
genitors for some of these SN 2008S-like events, or prod-
ucts of them if they are merger events. The spectra for
many of these objects look quite similar at various points
in their evolution, including objects that have been sug-
gested to be stellar mergers (Smith et al. 2011, 2016a). On
the other hand, the SN impostors may be a mixed-bag across
a wide mass range, since some, like SN 2008S itself and
SN 2002bu, have surrounding star formation histories that
translate to ages appropriate for initial masses less than 8
M⊙ (Williams et al. 2018).
3. SN progenitors with pre-SN mass loss: The group of
lower-luminosity Galactic LBVs and LBV candidates have
interesting potential implications for some types of SN pro-
genitors. First, we have noted that several LBV-like stars
seem to be quite close to the location of SN 1987A’s pro-
genitor on the HR diagram, and few of these even have
similar ring nebulae. This adds to speculation that some
sort of LBV-like instability and mass loss could have played
a role in forming the nebula around SN 1987A (Smith
2007). Previously, it was thought that the lower bound of
LBV luminosities did not extend low enough to include
SN 1987A, but now it reaches even lower. Second, there
has been much discussion about LBVs as possible progeni-
tors of Type IIn supernovae (SNe IIn), because their dense
circumstellar material (CSM) seems to require some sort
of eruptive pre-SN mass loss akin to LBV eruptions (see
review by Smith 2014 and referneces therein). In seem-
ing contradiction, host galaxy environments surrounding
SNe IIn (and also SN impostors) do not favor very high
mass stars in very young regions (Anderson & James 2008;
Anderson et al. 2012; Habergham et al. 2014)
Even the special case of SN 2009ip, with a very luminous
and eruptive LBV-like progenitor, is out in the middle of
nowhere, with no sign of recent star formation (Smith et al.
2016b). If the LBV phenomenon extends to much lower
masses than previously thought, then perhaps SNe IIn can
arise from LBV-like progenitors over a wide range of ini-
tial masses that even overlaps with progenitors of normal
SNe II-P. The lower-luminosity LBVs in Figure 4 overlap
with single-star evolutionary tracks as low as 10-20 M⊙. If
they are the results of mass gainers or mergers in binary
stystems, then their true initial masses may extend even
lower, and their lifetimes may potentially be quite long. Such
LBV-like progenitors of SNe IIn originating from this lower-
mass range might vastly outlive any main-sequence O-type
stars that could ionize surrounding gas, possibly explain-
ing the lack of correlation between SN IIn locations and
Hα emission in their host galaxies (Anderson & James 2008;
Anderson et al. 2012; Habergham et al. 2014).
This last point seems to be in general agreement
with the relative isolation of LBVs on the sky as com-
pared to O-type stars (Smith & Tombleson 2015). More-
over, some of the firmer distance estimates for Galac-
tic LBVs reported here have implications for the isola-
tion of LBVs and implications for their evolutionary origin
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in binary systems (Smith & Tombleson 2015; Smith 2016;
Aghakhanlootakanloo et al. 2017). W243 as among the very
few cases of LBVs located in a massive young star cluster.
Its Gaia DR2 distance is vastly lower than for the previously
adopted distance to the cluster, suggesting that it is not ac-
tually a cluster member, but a line-of-sight coincidence. The
closer distance makes W243 far less luminous (and less mas-
sive), and therefore more likely (by number) to be seen along
the line of sight to a background cluster. AlthoughW243 was
assumed to be a member of a young massive cluster, it is
unlikely that dense source crowding has caused an anoma-
lous parallax measurement. W243 is not seen to be located
near the crowded center of Wd1. It is seen to be projected
well outside the cluster core where the density of sources is
much lower. W243 is about 2′ (2.6 pc at 4.5 kpc) to the SE of
Wd1 Figure 1 of Clark et al. (2005b). This offset may make
it more believable that W243’s association with its cluster
on the sky could be due to a chance a projection rather than
physical membership. As noted above, Wd1 is seen down a
tangent point in the Carina arm.
Among confirmed unobscured LBVs that are found in
young massive clusters, now only η Car remains as a con-
fident association, and its luminosity is so high that it is
consistent with being a blue straggler as compared to the
surrounding stars in Tr 16. The earliest-type main sequence
star in Tr16 is O3.5 V with an implied initial mass of around
60 M⊙, whereas η Car has an equivalent single-star ini-
tial mass of around 200 M⊙ or more. Wra 751’s distance
makes it marginally consistent with its presumed host clus-
ter (Pasquali et al. 2006), but this is actually a problem for
the single-star scenario. This is because Wra 751 has a lu-
minosity indicating an effective single-star initial mass that
is more than 2 times higher than the turnoff mass inferred
from the late O-type stars still on the main sequence in that
cluster. AG Car and Hen 3-519 are at a large distance, but
this means they are not at the same distance as O-type stars
that appear near them on the sky in the Car OB associa-
tion, which is at around 2 kpc (Smith & Stassun 2017). This
makes their apparent isolation even worse, and the discrep-
ancy is exacerbated by the fact that the higher distance also
gives them a higher luminosity and shorter lifetime. It is
remarkable that AG Car has a luminosity consistent with
an initial mass of around 80 M⊙, but it is not known to be
associated with any O-type stars at a similar distance. More
detailed investigations of any possible birth populations as-
sociated with LBVs could be illuminating.
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